Abstract: Mn-, LaMn-and LaCaMn-citrates were synthesized at 60-120 • C in ethylene glycol medium using chlorides or nitrates as metal sources. Their composition, IR spectra and thermal decomposition were studied. Equimolar La/Mn ratio has been established in the complex, prepared from chloride solution with the same initial composition of the metals. In the isolated three-metallic complex the molar ratio of the metals deviates from the composition in the initial solution. The final products of the heating of Mn-and mixed-metal LaMn-citrates at 1000 • C are phase-homogeneous Mn 3 O 4 (hausmannite) and LaMnO 3 respectively. Parasitic phase(s) are observed in La x Ca 1−x Mn y O 3 , produced from LaCaMn-citrate.
Introduction
Lanthanum manganites are used as catalysts, heating elements, semiconductor ceramic materials, ferromagnets and cathode materials for solid oxide fuel cells (SOFC). Materials from the type Ln 1−x A x MnO 3 (where Ln -lanthanide, A -bivalent cation such as Ca or Sr) have attracted a great deal of attention since in 1993 they were shown to display colossal magneto resistance (CMR).
Different methods for solid-state synthesis of LaMnO 3 and its doped derivatives are described in the literature. These are based on the heating of mixtures of the oxides or the carbonates of the metals. As starting materials La 2 O 3 , MnO 2 [1] , Mn 2 O 3 [2] , Mn 3 O 4 [3] , La 2 (CO 3 ) 3 , MnCO 3 , CaCO 3 [4] are used, heated for 5 -20 h at 1250 -1400
• C. The conventional methods for synthesis have some well-known disadvantages due to the long heating times and the high heating temperatures necessary. The synthesis of a single-phase product is often difficult and usually the particles of the final product are inhomogeneous in shape and size. Because of this, numerous methods for low-temperature synthesis have been proposed [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Coprecipitation of the metal nitrates solutions with aqueous ammonium carbonate is used in [5] . Coprecipitated oxalate precursors are used for the synthesis of La 1−x Pb x MnO 3 in [6] . Amorphous precursor, obtained after freeze drying of initial solution of acetates of La, K and Mn(II) is used for the preparation of Ln 1−x K x MnO 3 (x = 0.00 -0.25) in [7] . The final perovskite phase crystalizes due to further heating at 1150-1250
• C for 12 h. Sr-containing product is obtained by pyrolysis of nitrates at 600
• C in a tube with a flow of air [8] . In [9] citrates of La and Mn are used as precursors for LaMnO 3 -ammonia solutions of La(C 6 H 5 O 7 ).nH 2 O and Mn(C 6 H 5 O 7 ).H 2 O are mixed in an equimolar La: Mn ratio and at heating dark-red precipitate is formed, supposed to be a mixed-metal citric complex. Additional heating (at a rate of 150
• C/h) leads to its decomposition in the interval 50 -350
• C with the formation of amorphous oxocarbonate, stable to 800
• C. Different sol-gel methods are also proposed for both undoped and doped manganites production. In [10] water-based citrate gel route is used for the synthesis of La 1.2 Sr 1.4 Ca 0.4 Mn 2 O 7 . Some spectral characteristics and the thermochemical behavior of the gel are studied and the characteristics of the final product are compared with the ones for the same product synthesized by solid-state reaction. In [11] a similar waterbased route (non-polymerizable, called amorphous citrate route by the authors) and a Pechini-type method are used for the synthesis of undoped LaMnO 3+d . It is reported that the amorphous citrate route always suffers from formation of precipitates during the evaporation of the water, thus creating risks of phase separation and heterogeneity already during the gel formation process. A conclusion is made that the uniformity of the cations distribution in the precursor is significantly improved when the solution is polymerized.
The polymerized complex method (PCM, also known as the Pechini method) has already won recognition as an effective method for the preparation of phase-homogeneous, multicomponent oxides with desired crystal structure, attained at relatively low temperature and short heating times.
Presently the method has become more popular for the synthesis of manganite materials. The application of the method for synthesis of pure LaMnO 3+d and the characteristics of the final powders are studied by the group of Kakihana [11] [12] [13] [14] . Sr-doped powders are synthesized in [15] . In [16] besides Sr-doped powders, composite Sr-doped manganite/YSZ powders are synthesized and tested as substrates for YSZ deposition. Such composites with YSZ attracted a great deal of interest in view of their potential use in SOFC. The Pechini method has recently been used also for the preparation of similar composites containing La-manganite doped with Ba [17] and Ca [18, 19] . Sr-doped composites of a similar type are synthesized in [20] , but a modified sol-gel process using acetylacetone as a chelating agent (instead of citric acid) is employed.
In the present work the solution chemistry and especially the complex formation processes in the systems La-Mn-CA-EG and La-Mn-Ca-CA-EG are studied and results are reported for the composition, some spectral characteristics and the thermochemical behaviour of Mn-, La-Mn and La-Ca-Mn-citrates obtained in ethylene glycol medium under the conditions at which the first (the complex formation) stage of PCM is performed. It may be expected that these results will contribute to the clarification of the behaviour of metals with easily changeable oxidation states at these conditions. (Table 1) to be achieved. The system was heated at a certain temperature and time in order to obtain sol ( Table 1 ). For isolation of the complexes obtained under these conditions acetone was added to the solution after cooling to room temperature. The precipitates formed were filtered, washed with acetone and dried in a desiccator over P 2 O 5 .
Experimental

Materials
The synthesis of the bimetallic La-Mn-citrates and of the threemetallic La-Ca-Mncitrate was done in an analogous way ( Table 1) .
The exact synthesis conditions for the studied systems and the symbols of the compounds, used throughout the text are shown in Table 1 and the synthetic procedure is outlined in the flow chart shown in Fig 1. Individual La-citrate has already been synthesized by the same procedure and characterized in [21] [22] [23] .
Analysis
The content of H, C, Cl or N in the isolated compounds was determined by the common organic analysis methods, the content of Mn and Ca -by atomic absorption spectrometry and that of La -by titration with EDTA after preliminary mineralization of the samples with sulphuric acid. IR-spectra were recorded by a Specord 75 spectrometer (Carl Zeis, Germany) in nujol mulls or KBr pellets. The thermal decomposition was followed using a derivatograph Paulic-Paulic-Erdey (MOM, Hungary). Samples of approximately 200 mg were heated in a synthetic corundum crucible at a rate of 10 • C/ min. X-ray diffractograms were taken by a Siemens automatic powder diffractometer (40 kV, 40 mA) using Brag-Brentano geometry with Co Kα radiation, with a step 2θ = 0.03
• /s.
Results and discussion
Synthesis, composition and IR spectra of the complexes
Accounting for the observation in [11] regarding the hydrolysis reported to take place at a temperature above 90
• C for La-Mn-CA-EG-H 2 O solution, we performed the synthesis of the complexes in non-aqueous medium. Such an approach imposes the use of salts as metal sources. Water present in the system comes only from the crystal hydrates used.
The behaviour of the systems is rather different depending on the number of metals presented as well as on the nature of the anionic component (chloride or nitrate) of the metal sources. a) Monometallic systems. The behaviour of the system La-CA-EG under the conditions used in the present work has been previously studied [21, 22, 23] . The solution stays clear after heating up to 120
• C, independent of the nature of the La-salt. A white precipitate is formed on addition of the desalting agent. When nitrate is used as the La-source, its composition is described using the formula [22, 23] :
The behaviour of the system Mn-CA-EG when MnCl 2 is used as the Mn-source is the same as the individual La-containing system after heating at 120
• C. Solution synthesized using Mn(NO 3 ) 2 stays clear up to 80
• C and a white-pinkish precipitate is formed after heating for 30 min and desalting. However, heating the NO 3− -containing solution, at 120
• C leads to a dark-brown solution. A brown precipitate, containing almost black dots (suggesting heterogeneity of the isolated compound) is desalted from it.
The relative content of H, C, Cl, metals (s) and H 2 O found in the isolated complexes is shown in Table 2 . The content of nitrogen in all of the complexes, produced from NO − 3 containing systems is below 2 %, which is within the error limits. b) Bimetallic La-Mn-system. A solution containing chlorides of La and Mn stays clear after heating at 120
• C and on addition of the desalting agent a white precipitate is formed with the expected 1: 1 ratio of the metals in it (Table 2 ). Bearing in mind the abovedescribed behaviour of the monometallic Mn-system the synthesis of La-Mn-citrate in the nitrate system was attempted at 80
• C. Our results indicate that this temperature is too high to work with La(NO 3 ) 3 -Mn(NO 3 ) 2 system because around 80
• C a beige milky-like sol is suddenly formed from the brown-red solution. If the temperature is increased above 80
• C (85-95
• C) a pulp of the same colour is formed. One may suppose that the effects observed are due to the formation of hardly soluble in EG olygo-or polyesters. There are indications [25] that in analogous Ln(III)-Ti(IV)-CA-EG systems (Ln = La, Nd, Y) such a process may take place at relatively low temperature. Such an explanation is, however, excluded by the fact that if the suspension is left without any treatment for a week it turns back into a homogeneous solution. The precipitates formed by addition of acetone to the suspension, or to the clear solution, obtained after the one-week storage are rich in Mn (mole ratio La/Mn is 0.81 and 0.65, respectively while it is 1.00 in the starting solution). X-ray diffractogram shows that the sample obtained after desalting of the suspension is not phase homogeneous. Along with the X-ray amorphous phase, typical for many of the citric complexes prepared in similar way [22, 24, 25] , a crystalline phase is also seen. Its identification is impeded due to the intensive halo hiding the eventual reflexes at lower 2Θ values.
LaMn-citrate can be prepared from nitrate solution at temperatures not exceeding 60 • C. The precipitate is white and visually homogeneous, but is depleted in Mn compared to the initial solution (La/Mn mole ratio is 1/1.45 (Table 2) ).
c) Threemetallic La-Ca-Mn-system. The composition of the precipitate formed in the three-metallic LaCl 3 -CaCl 2 -MnCl 2 system (Table 2) also deviates significantly from the metals mole ratio in the initial solution. In this case the complex is depleted in Mn also, and enriched in La.
The results reported suggest a rather complicated solution chemistry in the nonaqueous systems studied. At least two peculiarities are clearly seen: (i) formation at elevated temperatures of compounds with rather low solubility in EG accompanied by the changes in the colour of the solutions and of the isolated precipitates; (ii) deviations of the composition of the isolated precipitates from the one of the initial solution. The formation of low-soluble compounds is found only in the NO 3− -containing system, and is also observed in the analogous Ce(III) -containing system [26] . Their formation cannot be explained (or at least, not only) with hydrolysis process -the content of water in the studied systems is less than 4 % and such an amount does not cause hydrolysis of the much more hydrolysable Ti 4+ [25] . The low soluble compounds formed are inclined to slow-rate reaction with the CA so again producing soluble in EG complexes.
The deviation of La/Mn mole ratio in the isolated complexes compared with the same ratio in the initial La-Mn-solution suggest formation of different types of complexes at different temperatures, enriched in Mn (at higher temperatures) or in La (at lower ones), which could be postulated as being connected to Mn-oxidation state changes. The deviation of the LaCaMn-complex composition from the relative content of the initial solution can be considered using other theories. Indeed, it can hardly be expected that all of the three metals will be bonded in a complex just in the ratios in which they are presented in the initial solution. If two types of complexes are formed (which is probable) the eventual differences in their solubility in the synthesis medium will affect the composition of the formed precipitate.
The IR spectra (2000-650 cm −1 ) of the complexes are presented in Fig. 2 . The broad band at 3400-3200 cm −1 confirms the presence of H 2 O in the isolated complexes. The presence of adduct-bonded EG also contributes to the appearance of this band but is undoubtedly proven by the band at 1040-1020 cm −1 (v as C−OH ) respectively. • C of the isolated complexes.
The esterified carboxyllic groups exhibit a band at ∼1700 cm −1 . The complexation is proven by the band at ∼1610-1600 cm On the basis of the IR-data, the data on the elemental composition and the data from the thermogravimertric analysis of the complexes as well as the results obtained for similar complexes isolated from Pechini-type systems containing more than one metal [21] [22] [23] [24] [25] [26] 28] , hypothetic formulae of the complexes synthesized using MnCl 2 as source metal salt may be proposed:
Mn(Cl)Cit-120:
LaMn(Cl)Cit-120:
LaCaMn(Cl)Cit-120:
Nevertheless, the above-mentioned data from the elemental analysis, the IR-spectroscopy and the thermogravimetric analysis are insufficient for a proper description of the complexes. For such type systems 1 H-NMR-spectroscopy proved to be rather useful for a quantitative determination of the esterification degree of the ligands and the relative mole content of adduct-bonded EG [24] .
13 C-NMR on its turn is utilized for confirmation of the eventual deprotonation of the alcoholic OH-groups of the ligands (proven in other citric complexes [22, 26, 27] . Unfortunately NMR-spectroscopy cannot be applied for Mn-containing samples because of the paramagnetism of Mn itself. That is why the formulae of the complexes proposed above have to be considered as hypothetical ones. They are confirmed by the relatively good (for such systems) coincidence between the experimentally found elemental composition and the one calculated following these formulae. The formulae proposed are supported also by the mass loss at different stages of the thermal decomposition of the complexes and by a good qualitative agreement with the compounds IR spectra, including the ratios of the band intensities at 1710 cm
and at 1600 cm −1 , qualitatively confirming the ligands esterification degree accepted in the supposed formulae. Further studies are necessary in order for the formulae of the complexes prepared from nitrates to be derived.
Independently of the approximate character of the formulae, the comparison of the main characteristics of the complexes (Table 3) suggests that the compounds obtained from the polymetallic system could not be a simple mixture of the monometallic ones. For example, the number of the citric ligands, their average charge, the number of chloride ligands and the degree of esterification are not the average values of the respective parameters of the individual complexes. The morphology of the LaCaMn -citrate (Fig.  3) also suggests a phase-homogeneous substance. However energy-dispersive X-ray microanalysis for 6 randomly chosen points in LaCaMn(Cl)Cit-120 leads to the following relative standard deviations for the content of La: 3.0 %, Mn: 3.9 %, Ca: 12.6 %, cal-culated from the results for five of the points. The result for the sixth point is rather different and leads to the following mole ratio La: Ca: Mn = 1: 0.46: 0.68, suggesting the presence of other form(s) of existing of Ca in the sample.
Number of Average Number of
Sample symbol citric charge of the chloride L Table 3 Some main characteristics of the studied complexes. 
Thermal decomposition of the complexes
The DTA, DTG and TG curves of the Mn-, LaMn-and LaCaMn -citrates are shown in Fig. 4 . The general pattern of the curves for the different compounds is similar. Table 1 , 2.
The thermal destruction of analogous citric complexes is studied in details [22, 23, 25, 28] . On the basis of the literature data and the results from the thermogravimertric analysis, the following very general scheme of the processes can be postulated: The decomposition of the complexes starts at 50-60
• C with dehydration, which is completed at • C. Such relatively high temperature suggests that, at least, a part of the water is included in the complexes inner sphere. Up to 260-270
• C the EG, bonded as an adduct, or as an ester is separated (the separation of the latter leads to recovery of some of the carboxyllic groups). The deesterification is followed by a decarboxylation of the formed as a result of the deesterification COOH-groups. According to the mass loss, it may be supposed that between 260-270
• C and 310-340
• C (for Cl − -containing polymetallic complexes) an intramolecular dehydration proceeds with the formation of anhydrides of the respective acids [22] . Above these temperatures complete destruction of the organic skeleton takes place accompanied by the release of the chlorine and the formation of oxocarbonates. According to the DTA-curves, the burning of the remaining carbon and the decomposition of the oxocarbonates proceeds in a few, strongly overlapped stages with a significant exothermal effect. A similar DTA-pattern in the temperature interval 400-720
• C is observed for number of analogous citric complexes [22] [23] [24] [25] [26] . Heating Mn(N)Cit-120 and Mn(N)Cit-80 for 2 h at 1000
• C leads to formation of Mn 3 O 4 with crystalline grain size 90-100 nm, determined by the broadening of the X-ray reflections (D 103 ), using the well known Sheerer's formula (Fig. 5.1 ). LaMnO 3 is the final product of the ignition of the both types of LaMn -citrates (Fig. 5.2, 5.3) . The X-ray patterns on Fig. 5.2, 5 .3 are indexed as pseudo cubic. As expected, phase homogeneous product is obtained from LaMn(Cl)Cit-120. A band at 610 cm −1 is present in the IRspectrum of the final product from the heating of the complex (Fig. 6 ) strongly suggesting the existence of the compound as LaMn [29] . The same band is dominating in the spectrum of La 0.6 Sr 0.4 MnO 3 [30] . A second phase, probably hexagonal La 2 O 3 , appears when using LaMn(N)Cit-60 as a precursor (Fig. 5. 2. -observed diffraction ∼ 34.275 2Θ degree). The X-ray diffractogram of La x Ca 1−x Mn y O z , prepared from LaCaMn(Cl)Cit-120 is shown in Fig. 5.4 and the data for the interplanar distances are shown in Table 4 . It is seen that the crystal structure of the obtained product is rather close to the referred material La 0.7 Ca 0.3 MnO 3 . A slight trend to larger interplanar distances in the studied 
Conclusions
The reported data shows that mixed-metal 1:1 La-Mn citric complexes are formed in EGsolution when chlorides are used as metal sources. The presence of nitrates complicates the solution chemistry of the system due to redox-processes, and leads to the formation of phases disturbing the equimolarity of the metals in the isolated compounds. Additional studies are necessary for a full understanding of the complexation processes in the three-metallic La-Ca-Mn system. The formation of three-metallic complex proceeds but it is not obligatory in this complex to reproduce the metals molar ratio existing in the solution.
